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Introduction
When an electrical stimulus was delivered to nerve or muscle during voluntary contraction (interpolated twitch technique), a twitch-like increment force superimposed onto voluntary contraction force appeared. This twitch force superimposed onto voluntary contraction force (superimposed twitch) decreases with an increase of voluntary contraction force. If every muscle fi ber reaches peak activation d u r i n g m a x i m a l v o l u n t a r y c o n t r a c t i o n s , n o superimposed twitch amplitude is elicited (Belanger & McComas, 1981; Merton, 1954) . A continuous decrease of superimposed twitch amplitude with an increase of voluntary contraction force was fi rstly reported by Denny-Brown (1928) , followed by the report by Merton (1954) , describing that there was a negative relationship between voluntary contraction force and superimposed twitch amplitude. Later, calculation of a voluntary activation ratio was designed by proportion of twitch amplitude evoked at rest and superimposed twitch amplitude evoked during voluntary contractions, which has been employed in a great deal of research as an index to estimate levels of muscle activation (Jakobi & Rice, 2002; Boerio, et al., 2005; Herbert & Gandevia, 1999; Shima, et al., 2002) . However, a twitch force is thought to be the fi nal output of muscle contractions, and levels of synergistic muscle activation are hardly evaluated individually from superimposed twitch amplitude in such activations as those in which more than one muscle is synergistically activated. (Akataki, et al., 2004; Bolton, et al., 1989; Maton, et al., 1990; Orizio, et al., 1990; Shima, et al., 2007) . MMG measures pressure waves (micro oscillation) generated from lateral expansion of muscle fi ber when contracting (Orizio, 1993) . Thus, MMG refl ects mechanical activation of muscles (Gordon & Holbourn, 1948; Yoshitake, et al., 2002; Yoshitake, et al., 2005) . In a report by Chen, et al., (1997) , which employed a technique combining MMG and interpolated twitch technique, it was confi rmed that MMG amplitude superimposed (superimposed MMG amplitude) during voluntary contractions in the adductor pollicis muscle decreased with an increase of voluntary contraction force. Chen, et al., (1997) also reported that superimposed MMG amplitude could be used to assess levels of muscle activation. However, there are few reports on techniques combining MMG and interpolated twitch technique. To our knowledge, there are few studies which simultaneously measure superimposed MMG amplitude of synergistic muscles in activations synergistically involving more than one muscle like plantar fl exion.
Mechanomyogram (MMG) is a noninvasive
I f s u p e r i m p o s e d M M G a m p l i t u d e e l i c i t e d during voluntary contractions can assess levels of muscle activation, superimposed MMG amplitude can individually evaluate activation levels of synergistic muscles, in which more than one muscle synergistically activates muscle contractions. This study examined changes of mechanical activation levels of medial gastrocnemius muscle (MG, hereafter) and soleus muscle (SOL, hereafter) in different contraction intensities based on information from superimposed MMG amplitude.
Method

Subjects
Thirteen men, aged 23.8 ± 3.8 years; height, 172.3 ± 3.9 cm, and weight, 69.8 ± 5.6 kg, (means ± SD), volunteered for this study. All subjects were tested in the right lower extremity. Prior to the experiment, all subjects received a full explanation of the purpose of the experiment based on the descriptions approved by the Ethics Committee of Osaka University of Health and Sport Sciences, then their written agreement of participation was obtained.
Procedure
We t e s t e d M G a n d S O L o f t h e s u b j e c t s . Isometric plantar fl exion force was measured by a dynamometer (KIN-COM 500H, Chattecx, USA). Each subject was seated with the hip fl exed to 80°, knee joint at 0° (straight knee) and the ankle joint dorsifl exed to 5°. A padded belt was strapped to the dynamometer to support and keep the limb position unchanged during testing. First, maximal voluntary torque (MVC) of isometric plantar fl exion was measured; then, the subject performed plantar fl exion at the requested force levels of 20%, 40%, 60%, 80%, and 100% MVC in random order. Each trial was intermitted with resting for more than 15min to exclude infl uence of post-activation potentiation (on evoked twitch torque and MMG amplitude) (Vandervoort, et al., 1983; Shima, et al., 2006) . Plantar fl exion force was displayed by the dynamometer's monitor, which display was used as a visual feedback to let the subjects maintain constant muscle force. When muscle force became constant in about 5 s from muscle activation, an electrical stimulation was applied to the posterior tibial nerve to record superimposed twitch amplitude and superimposed MMG amplitude from MG and SOL. The superimposed twitch amplitude and superimposed MMG amplitude were measured once at each force level.
To evoke twitches of plantar fl exors and induce MMG amplitude in MG and SOL, the posterior tibial nerve was stimulated percutaneously with a surface electrode (cathode, 6 mm in diameter) in the popliteal fossa. The anode (4×3 cm 2 stainless plate) was positioned on the lower one fourth of the front of the thigh. A Square-wave for a duration of 1 ms was used for electrical stimulation (S88k, Grass Telefactor, USA). The stimulus intensity was incremented until it reached a peak twitch force. At this point, maximal twitch force was checked in each subject and its 120% intensity was determined for the settings. MMG amplitude was measured using a uniaxial accelerometer (MP110-10-101, Medisens INS, Japan). The accelerometer was attached to the center of the muscle belly by double-faced adhesive tape. We magnifi ed MMG amplitude fi ve times by an amplifi er and derived the amplitude in a frequency b a n d o f 0 . 1 H z t o 1 k H z . Tw i t c h a n d M M G amplitude were taken into the computer using an AD converter (PowerLab 8sp, ADInstrment, Australia) in a sampling frequency of 4 kHz, and were analyzed by analysis software (chart V5.0.1, ADInstrument, Australia).
Data Processing
Electrically stimulated superimposed twitch amplitude developed at each %MVC was measured. T h e p e a k a c c e l e r a t i o n o f t h e t w i t c h t o r q u e development (d
was calculated from the second derivative of the superimposed twitch at each %MVC. For MMG, amplitude values were measured from application of electrical stimulation to the fi rst peak.
Statistical Analysis
Each measuring value of the 13 subjects was obtained from mean ± standard deviation (SD). To investigate the effect of force level on superimposed twitch amplitude and d 2 T/d T/d T t 2 , repeated one-way A N O VA w a s u s e d . T h e n , Tu k e y 's m u l t i p l e comparison test was employed for the signifi cant items (rest vs. 20%, 20% vs. 40%, 40% vs. 60%, 60% vs. 80%, 80% vs. 100%). Repeated two-way ANOVA (contraction intensity × muscle) was used to determine the pattern of difference in changes of superimposed MMG amplitude in MG and SOL. Figure 1 shows the representative examples of changes of electrically stimulated superimposed twitch amplitude ( Figure 1A ) and superimposed MMG amplitude in MG ( Figure 1B) and SOL ( Figure 1C ) evoked at rest, and at 20%, 40%, 60%, 80%, 100%MVC. 
Results
Discussion
The present study clarifi ed the following points: 1) Superimposed MMG amplitude is related to superimposed twitch amplitude and d 
Changes of Superimposed Twitch Amplitude with Increase of Voluntary Contraction Force
The present study, like previous studies (Belanger & McComas, 1981; Merton, 1954) , observed that superimposed twitch amplitude Ohta, Y., Shima, N. and Yabe, K. http://www.soc.nii.ac.jp/jspe3/index.htm 68 d e c r e a s e d w i t h a n i n c r e a s e o f v o l u n t a r y contraction force. No signifi cant change was found even with a decreasing tendency from 80% to 100%MVC. In similar reports on triceps surae muscle, superimposed twitch amplitude changed less in the level of contraction in high intensities (Belanger & McComas, 1981; Todd, et al., 2004) . The result of the present study is consistent with the results of previous studies. It might be ascribed to the differences in the level of synergistic muscle activation or small changes of muscle length at high contraction intensities (Allen, et al., 1998; Gandevia, 2001 ). (Chen, et al.,1997) . The present study as well recognized a decrease of superimposed MMG amplitude of MG and SOL with an increase of voluntary contraction force and lowering of decreasing ratio at high intensity contractions ( Figure 2C ). This result supports the above-noted report (Chen, et al., 1997) . It is assumed, however, that in vivo behavior of muscle contraction during superimposed twitch should be examined in order to clarify causes of decreasing ratio of superimposed MMG amplitude accompanying an increase of voluntary contraction force.
Changes of
In regard to relationships between superimposed twitch amplitude and superimposed MMG amplitude, there are signifi cant correlations both in MG and SOL (Figure 3A, C) . Inconsistent with the report by Chen, et al., (1997) , which recognized a linear relationship in adductor pollicis muscle, the present study showed a curvilinear relationship in MG and SOL. This difference is possibly associated with the different muscles and different transducer (microphone and accelerometer) used for derivation of MMG.
Further, MMG derived by electric stimulation correlated both with evoked twitch amplitude and (Orizio, et al., 1999; Shima, et al., 2006) . The present study also found a signifi cant correlation in linear regression of MG ( Figure 3B ). This shows that superimposed MMG amplitude refl ects changes of superimposed twitch amplitude as well as
2 refl ects dynamics of calcium released from the muscular endoplasmic reticulum (Takamori, et al., 1971) , changes of superimposed MMG amplitude may possibly refl ect excitation-contraction coupling (E-C coupling). In the meantime, superimposed MMG amplitude of SOL showed a curvilinear relationship with d 2 T/d T/d T t 2 , which was different from MG ( Figure 3D ). This probably refl ects differences in ratio of muscle fi ber composition between these muscles.
. 3. Di f ference i n Super i mpose d M MG Amplitude between MG and SOL
The present study showed interaction between contraction intensity factors and muscle factors in superimposed MMG amplitude ( Figure 2C) . The result showed differences in the change in pattern of superimposed MMG amplitude between MG and SOL with an increase of voluntary contraction force. In a report by Yoshitake & Moritani (1999) , which measured MMG of MG and SOL during voluntary contractions, there were differences in the MMG root mean square (MMGrms) between M G a n d S O L w i t h a n i n c r e a s e o f v o l u n t a r y contraction force. Yoshitake & Moritani (1999) described that the MMGrms was different between MG and SOL because the relative contribution to development of output force was different between the muscles. In our comparison of superimposed MMG amplitude between MG and SOL at each %MVC, the superimposed MMG amplitude of MG at 20% and 40%MVC showed comparatively higher signifi cant values than those of SOL. MMG signal refl ects mechanical activity at muscle contraction (Gordon & Holbourn, 1948; Orizio, 1993; Yoshitake, et al., 2005) . Motor unit without activation states produces superimposed twitch force during electrical stimulus onto submaximal voluntary contraction (Belanger & McComas, 1981; Shield & Zhou, 2004 
Conclusion
MG and SOL had different patterns in the level of mechanical activity in superimposed MMG amplitude with an increase of voluntary contraction force. The difference in the level of mechanical activity between both muscles was observed during voluntary contraction in low intensities. Accordingly, it is suggested that superimposed MMG amplitude during voluntary contraction of plantar fl exion in low intensities can evaluate differences in mechanical activity levels between MG and SOL.
